-permeable channels, across the plasma membrane or the membranes of intracellular organelles. The most widespread and best understood of the intracellular Ca 2+ channels are inositol trisphosphate receptors (IP 3 R) and ryanodine receptors, most of which are expressed in the endoplasmic or sarcoplasmic reticulum. However, accumulating evidence suggests physiological roles for many additional Ca 2+ channels in both ER and other intracellular organelles. Interactions between these channels, whether mediated by Ca 2+ itself or interactions between proteins, is a recurrent feature of the Ca 2+ signals evoked by physiological stimuli. We focus on two specific examples, clustering of IP 3 Rs and NAADP (nicotinic acid dinucleotide phosphate)-evoked Ca 2+ release from endo-lysosomes, to illustrate the diversity
Introduction
The first experiments suggesting that Ca 2+ might regulate intracellular activity revealed a role for extracellular Ca 2+ and, with benefit of hindsight, provided evidence for regulated influx of Ca 2+ across the plasma membrane (PM) (Ringer, 1883) . This regulation of Ca 2+ entry by extracellular stimuli is important, but until the late 1960s it was mistakenly assumed to provide the only means of increasing the cytosolic free Ca 2+ concentration ([Ca 2+ ] c ). Evidence that most of the Ca 2+ that triggers contraction of striated muscle is actually released from the sarcoplasmic reticulum (SR) (Sandow, 1965) store (Streb et al., 1983) , later shown to be the endoplasmic reticulum (ER), established that in most cells ER is the major source of Ca 2+ released by extracellular stimuli, and that IP 3 links receptors in the PM that stimulate phospholipase C to Ca 2+ release via IP 3 receptors (IP 3 R) in ER membranes . A revival of interest in mitochondria, which had earlier been mistakenly thought to comprise the major intracellular Ca 2+ store, came with the discovery that local [Ca 2+ ] c near open Ca 2+ channels achieve levels sufficient to allow appreciable Ca 2+ uptake by mitochondria (Rizzuto et al., 1993) . Many subsequent studies confirmed important roles for mitochondria in both shaping and responding to Ca 2+ signals (Rizzuto et al., 2009) , and culminated in identification of the ion channel, the mitochondrial uniporter (Kirichok et al., (Bers, 2002) . We will return to this theme of interactions between Ca 2+ channels, which may be mediated by Ca 2+ itself or by contacts between proteins, but first we consider the diversity of Ca 2+ channels in the PM and intracellular organelles.
Intracellular Ca 2+ channels
IP 3 R are expressed in most cells. Their larger relatives, RyR, are expressed in many cells, particularly excitable cells, notably smooth and striated muscle, neurones and pancreatic b-cells (Lanner et al., 2010) . Most of these intracellular Ca 2+ channels are expressed in ER or SR, probably in specialized sub-compartments of each, but they occur also in organelles derived from ER, including the Golgi apparatus, secretory vesicles and even the PM in some specialized cells (Taylor et al., 2009a,b) . Both families of channels are regulated by Ca
2+
, while IP 3 R are also regulated by IP 3 , and RyR by cyclic ADP ribose or by direct interaction with L-type Ca 2+ channels (Lanner et al., 2010) . Phosphorylation and association with numerous additional proteins or soluble messengers further fine-tune the gating of RyR and IP 3 R by their principal regulators. (Short et al., 2000) . Furthermore, cAMP, which directly increases the sensitivity of all IP 3 R subytpes to IP 3 , is preferentially directed to IP 3 R2 via its close association with adenylyl cyclase (Tovey et al., 2008) . The hegemony of IP 3 R, RyR and ER in intracellular Ca 2+ signalling has been challenged by the discovery of many additional Ca 2+ channels within both the ER and other intracellular organelles (Dong et al., 2010a,b; Schieder et al., 2010a,b; Taylor et al., 2009a,b) ( Fig. 1) . Of course, all channels destined for the PM must pass through the ER and Golgi, and some (e.g., TRPC3, TRPC5 and TRPV1) may be held in vesicles before regulated insertion into the PM (Dong et al., 2010a,b) . Any of these channels might fortuitously release Ca 2+ while in transit. We (Taylor et al., 2009a,b) and others (Dong et al., 2010a,b) recently considered this issue and the need for at least some channels to be 'silenced' as they progress from the ER to their final destination. Here we consider only those Ca 2+ -permeable channels for which there is evidence that physiological stimuli cause them to mediate Ca 2+ release from intracellular stores (Table 1 and Fig. 1 ). Before considering specific examples, we briefly consider likely consequences of expressing Ca 2+ -permeable channels in intracellular membranes, which comprise more than 95% of all cellular membranes. Firstly, only within the PM can channels directly detect an extracellular stimulus. All other channels require that the extracellular stimulus is transduced into an intracellular one, usually via a receptor. Inevitably, therefore, and despite the opportunities provided by spatial organization, channels in the PM are better placed to respond uniquely to specific extracellular stimuli. Secondly, electrical and ion gradients differ across different membranes, with many important consequences for Ca 2+ signalling. ) via the channels themselves (Gillespie and Fill, 2008) or additional channels (Venturi et al., 2011; Yazawa et al., 2007) . In membranes like the PM, dynamic regulation of membrane potential provides an important control of both channel activity (e.g., voltage-gated Ca 2+ channels) and the rate (Mao et al., 1996) , the original claim has been comprehensively dismissed (Schnurbus et al., 2002) .
differ in their lipid composition, curvature and in which proteins associate with them. All of these features can influence the behaviour of resident channels (Taylor et al., 2009a,b This clearly provides more extensive opportunities for spatially organized Ca 2+ signals via intracellular channels than via those in the PM. Two themes emerge from this introduction. Firstly the diversity of both intracellular Ca 2+ channels and the organelles within which they function is considerably greater than hitherto supposed Dong et al., 2010a,b; Schieder et al., 2010a,b; Taylor et al., 2009a,b (Vais et al., 2010) ).
The ability of IP 3 R to conduct other cations, notably K + , may also contribute to rapid IP 3 -evoked Ca 2+ release because, although the ER expresses other channels that could provide routes for movement of counterions (Venturi et al., 2011) , the IP 3 R itself probably provides an additional route and thereby sustains rapid electrogenic Ca 2+ release (Gillespie and Fill, 2008 ] c ). An important point is that opening of a single IP 3 R may be sufficient to evoke a cellular response. Understanding IP 3 -regulated Ca 2+ signalling therefore ultimately demands consideration of the behaviour of individual IP 3 R. The same arguments apply to RyR. All IP 3 R are regulated by both IP 3 and Ca 2+ . Perhaps surprisingly, the molecular details of this interplay remain unresolved, but it is clear that binding of IP 3 (probably to each of the four subunits of the IP 3 R) regulates the effects of Ca 2+ on IP 3 R gating (Foskett et al., 2007; Taylor and Laude, 2002 (Allbritton et al., 1992) , is the disposition of IP 3 R: only near-neighbours are likely to be able to interact via CICR. Hitherto, the role of IP 3 in controlling the hierarchical recruitment of elementary Ca 2+ release events has focussed on its important role in controlling (via regulation of Ca 2+ sensitivity) the gating of IP 3 R, but our recent results suggest that IP 3 contributes also to the assembly and behaviour of the clusters of IP 3 R from which Ca 2+ puffs arise ).
The intracellular location of most IP 3 Rs precludes analysis by conventional patch-clamp recording, but the outer nuclear envelope is continuous with the ER and it too is populated by IP 3 Rs. Patch-clamp recording from the outer envelope of nuclei isolated from DT40 cells expressing only recombinant IP 3 R therefore provides a feasible, if laborious, means of defining single-channel properties of specific IP 3 R expressed in a native membrane. Details of the methods and some of the insights they have provided into IP 3 R behaviour (Taylor et al., 2009a,b) are described in recent reviews.
In recordings from patches excised from nuclei of DT40 cells expressing IP 3 R1 or IP 3 R3, we established that under conditions designed to mimic a resting cell ([Ca 2+ ] c 200 nM), IP 3 stimulated opening of large-conductance, non-selective cation channels. Counting the number of active channels in each patch showed that under these conditions, IP 3 Rs are randomly distributed across the nuclear membrane and, with some assumptions about the dimensions of the patch, probably separated from each other by 1 lm.
In those patches that fortuitously captured more than one IP 3 R, it was clear that each channel opened independently and with the same open probability (P o ) as its neighbours. The surprising finding was that each IP 3 R in a patch that contained only a single IP 3 R was more active and more sensitive to IP 3 than each IP 3 R in those patches that contained several IP 3 Rs. This led us to propose, and then to verify experimentally, that IP 3 causes IP 3 Rs rapidly and reversibly to assemble into small clusters of about five IP 3 Rs, and that within these clusters IP 3 Rs change their behaviour. Clustered IP 3 Rs are slightly less sensitive to IP 3 than lone IP 3 R, and each channel opening lasts only half as long ( . Our speculative scheme suggests that low concentrations of IP 3 cause lone IP 3 R to aggregate into small clusters with two important consequences (Fig. 2) . Both effects, we suggest, contribute to the rapid and coordinated gating of IP 3 Rs that underlies Ca 2+ puffs ). Although our model sits comfortably with many reports suggesting that IP 3 Rs are mobile within the ER membrane (Pantazaka and Taylor, 2011) , it does not, at first sight, seem compatible with optical analyses of elementary IP 3 -evoked Ca 2+ signals in intact cells. These have suggested that these sparse events arise repeatedly from the same locations Wiltgen et al., 2010) . There is clearly urgent need to establish whether our results with IP 3 Rs in the nuclear envelope faithfully capture the behaviour of IP 3 Rs in the ER. Equally urgent is the need to establish whether the fixed sites from which elementary Ca 2+ release events originate in intact cells reflect the behaviour of immobile IP 3 Rs or fixed initiation sites with which mobile IP 3 Rs can transiently associate and, by mechanisms presently unknown, be primed to respond to IP 3 .
Ca 2+ signals from lysosomes
Lysosomes are best known for their role in degrading macromolecules that reach them via endosomes or autophagosomes (Luzio et al., 2007) . Fusion of these organelles with lysosomes, and fusion of lysosomes with the PM are stimulated by Ca 2+ , at least some of which may be provided by opening of Ca 2+ channels within the membranes of these acidic organelles (Luzio et al., 2010; Pryor et al., 2000) . Defective Ca 2+ handing by lysosomes disturbs membrane trafficking within the endo-lysosomal pathway and contributes directly to the complex pathologies of such lysosomal storage disorders as mucolipidosis type IV and Niemann-Pick disease (Dong et al., 2010a,b; Kiselyov et al., 2010; Lloyd-Evans et al., 2008) . Such observations prompted interest in defining the mechanisms responsible for Ca 2+ sequestration by lysosomes and in identifying endo-lysosomal Ca 2+ channels. The Ca 2+ uptake mechanism is unknown, but it requires a transmembrane H + gradient maintained by a V-type H + -ATPase, perhaps reflecting the activity of an as yet unidentified Ca 2+ -H + exchanger (Lemons and Thoene, 1991) . The search for endo-lysosomal Ca 2+ channels has been more rewarding (Table 1 ) and, at least for the two-pore channels (TPCs), provided an unexpected convergence of work on lysosomes and a novel intracellular messenger, nicotinic acid adenine dinucleotide phosphate (NAADP). The latter served also to extend the role of lysosomal Ca 2+ signalling beyond membrane trafficking. Before we examine the role of NAADP and TPCs, the experimental difficulty of ascribing specific ion fluxes through endo-lysosomal channels to physiological responses deserves comment. Firstly, many of these Ca 2+ -permeable channels are also permeable to other cations (notably Na + , K + , H + and Fe 2+ ), fluxes of which may regulate cellular behaviour (Dong et al., 2010a,b) . Furthermore, the fluxes are not independent: loss of H + from a lysosome, for example, is likely to increase luminal Ca 2+ -buffering and so diminish Ca 2+ release. Secondly, traffic through the endolysosomal system is essential for many cellular events from membrane repair to recycling of macromolecules. Distinguishing direct effects of perturbing endo-lysosomal Ca 2+ channels from the secondary consequences of perturbing the entire membrane system is not trivial . Lee, in a paper that also presaged identification of a new agonist of RyR (cyclic ADP ribose), was the first to identify a metabolite of NADP (later shown to be NAADP (Lee, 1997) ) as a potent Ca 2+ -mobilizing messenger that did not require activation of IP 3 R or RyR (Clapper et al., 1987) . This study of sea urchin eggs provided the impetus for work which established that NAADP is a Ca 2+ -mobilizing messenger in many cells. In keeping with this role, several different stimuli promote synthesis of NAADP, which is then rapidly degraded (Yamasaki et al., 2005) . However, the identities of the enzymes responsible for NAADP synthesis, most likely ADPribosyl cyclases, are unresolved. Perplexingly, the most prominent candidate (CD38) has an extracellular catalytic site, although there are other candidates (Churamani et al., 2007) . There has been more decisive progress in resolving the intracellular actions of NAADP. Substantial evidence established that NAADP-evoked Ca 2+ release is distinguishable from that mediated by IP 3 R or RyR by its subcellular distribution, pharmacology (most recently, by a selective NAADP antagonist, Ned-19 (Naylor et al., 2009)) , and lack of cross-desensitization . A major step was the discovery that in sea urchin eggs, the effects of NAADP are selectively abolished by disruption of acidic organelles (Churchill et al., 2002) , most notably by GPN (glycyl-phenylalanyl-napthylamide), which selectively destroys lysosomes. Many subsequent studies confirmed this important finding and so focussed attention on endo-lysosomal Ca 2+ channels as candidates for the NAADP-gated channel. Evidence was presented in favour of several such candidates, including TRPML1 (Zhang et al., 2009 ) and TRPM2 , but the more persuasive and extensive evidence suggests that NAADP-gated channels are formed by oligomeric assemblies of TPC proteins (Brailoiu et al., 2009; Calcraft et al., 2009; Yamaguchi et al., 2011; Zong et al., 2009 ). Several recent reviews summarise the evidence that TPCs form NAADP-gated channels Patel et al., 2011; Zhu et al., 2010) . Briefly, NAADP-evoked Ca 2+ signals are increased by heterologous expression of each TPC isoform (Brailoiu et al., 2009; Calcraft et al., 2009; Ruas et al., 2010) , although conflicting results with TPC3 are unresolved (Brailoiu et al., 2010a,b; Ruas et al., 2010) ; reducing TPC expression by RNA interference or gene knockout (TPC2 knockout mice) attenuates responses to NAADP (Brailoiu et al., 2009; Calcraft et al., 2009 ); over-expression of TPC increases 32 P-NAADP binding (Calcraft et al., 2009; Ruas et al., 2010) ; immunoprecipitates from TPC2-expressing cells form NAADP-gated channels when reconstituted into bilayers (Pitt et al., 2010) , and NAADP gates channels in recordings from enlarged lysosomes isolated from TPC2-expressing cells (Schieder et al., 2010a,b) ; patch-clamp recording from TPC2 redirected to the PM (by mutagenesis of its targeting motif) identifies NAADP-gated channels, the conductance of which changes after mutation of residues within the putative pore (Brailoiu et al., 2010a,b) . Collectively, these results provide persuasive evidence that TPCs are pore-forming subunits of NAADP-gated Ca 2+ -permeable channels that reside in the membranes of acidic organelles . Whether the NAADP-binding site of this channel resides on TPC or an accessory protein is unresolved. TPCs were almost simultaneously described in rat (Ishibashi et al., 2000) and Arabidopsis (Furuichi et al., 2001 ). The latter mediates the slow-vacuolar current in plants (Peiter et al., 2005) . There are three TPCs in most animals, but only two in humans (TPC1 and TPC2), and a single TPC in many plants. TPCs take their name from their predicted, and to some degree demonstrated (Hooper et al., 2011; Patel et al., 2011) , topology. This resembles that of half a voltage-gated Ca 2+ channel. The latter has four tandem repeats of a structure with six transmembrane domains (TMD), while TPCs have only two such tandem repeats. The functional TPC channel is therefore likely to be dimeric, with a central pore formed by the last pair of TMDs from each of the four domains. The subunit structure of TPCs places them in an interesting evolutionary position between the voltage-sensitive K + channels, where each subunit has only one 6-TMD structure, and the voltage-gated Na + and Ca 2+ channels with their tandem sequence of four repeats . TPC2 is expressed primarily in lysosomes, while TPC1 and TPC3 appear also to be expressed in endosomes (Brailoiu et al., 2009; Calcraft et al., 2009; Ruas et al., 2010) . Despite this distribution and the persuasive evidence that TPCs mediate responses to NAADP, responses of intact cells to NAADP are often attenuated by inhibition of Ca 2+ channels in the ER, RyR or IP 3 R (Brailoiu et al., 2010a,b; Calcraft et al., 2009; Cancela et al., 1999; Churchill and Galione, 2001; Ogunbayo et al., 2011) , and it is often difficult to resolve responses to NAADP in broken cells. These observations suggest that although responses to NAADP are not themselves regulated by Ca 2+ (Chini and Dousa, 1996) , the Ca 2+ released by TPCs can provide the trigger for further Ca 2+ release via juxtaposed RyR or IP 3 R (Cancela et al., 1999) . Considerable support for this 'triggering' role of TPCs is provided by evidence that responses to NAADP are often biphasic, with the slower phase blocked by antagonists of IP 3 R (Calcraft et al., 2009; Ruas et al., 2010) or RyR (Brailoiu et al., 2009 (Brailoiu et al., , 2010a Gerasimenko et al., 2003; Kinnear et al., 2004 Kinnear et al., , 2008 . Furthermore, lysosomes and ER are often intimately associated (Kinnear et al., 2008) and disrupting the spatial relationship between RyR and TPC2 by redirecting TPC2 to the PM prevents amplification of NAADP-evoked signals by RyR (Brailoiu et al., 2010a,b) . Accumulating evidence suggests that these signalling junctions between TPCs and IP 3 R/RyR may be rather selectively assembled in different cells. Hence in HEK cells, TPC2 effectively triggers IP 3 R activation, while TPC1 is less effective (Brailoiu et al., 2010a,b) . In some cells that express both IP 3 R and RyR, like vascular smooth muscle (Kinnear et al., 2004) or breast cancer cells (Brailoiu et al., 2009) , TPCs couple selectively to RyR. While in pancreatic acinar cells (Cancela et al., 1999) and sea urchin eggs (Churchill and Galione, 2001 ), NAADP appears to recruit both IP 3 R and RyR. It is, therefore, increasingly clear that lysosomal Ca 2+ channels, notably TPCs, contribute to both control of trafficking within the endo-lysosomal pathway and more generally to the genesis of Ca 2+ signals that regulate diverse cellular activities . 
